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Nanometer-sized titanium-niobium carbonitride powders (TiyNb1-yCxN1-x) with 




reaction, and sintered by spark plasma sintering technique at 1500 ºC for 1 min in a 
vacuum atmosphere. Mechanical properties such as hardness and Young’s modulus 
were determined by nanoindentation technique and friction and wear coefficients 
assessed by ball-on-disk testing using alumina ball in dry sliding conditions. The 
fracture surface and wear tracks of samples were examined by scanning electron 
microscopy. Results showed that it is possible to obtain dense monolithic ceramics from 
the solid solution (TiyNb1-yCxN1-x) with good mechanical properties and excellent wear 
resistance. The optimum values of nanomechanical properties were found for the 
Ti0.3Nb0.7C0.5N0.5 ceramic composition, which exhibited a high hardness over 26.0 GPa 
and Young’s modulus around 400 GPa. 
 





Transition metal carbonitrides are becoming increasingly important materials for 
their excellent properties in the fields of superhardness, tribology, superconductivity 
and, electrical and thermal conductivities [1]. Titanium carbonitride is the most widely 
employed material because it is the main component in commercial cermets. These 
cermets are prepared from a Ti(C, N) powder, or a combination of TiC and TiN 
powders, with Ni as binder and are manufactured by sintering the compacted powder 
mixture at a temperature at which a liquid phase is formed [2,3]. To produce Ti(C, N)-
based cermets, the most commonly used production routes are hot pressing (HP), hot 
isostatic pressing (HIP’ing), or a combination of HIP’ing and sintering, under vacuum, 
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nitrogen or argon atmosphere. One of the most common ways to prepare titanium 
carbonitride is to hot press blended mixtures of TiC and TiN powders in vacuum or 
argon atmosphere at 1700-2400 ºC [4-7]. More recently, the spark plasma sintering 
(SPS) method has emerged as a useful technology and has already been used to densify 
titanium carbonitride powders at a relatively low temperature. This technique can work 
at heating rates of the order of hundreds of degrees per minute, reaching high 
temperatures in very short time, leading to dense materials after cycles of 
heating/cooling in the order of a few minutes compared to conventional methods [8,9]. 
The physical and mechanical properties of Ti(C, N)-based cermets can be 
adjusted to meet the specific requirements of cutting tasks by adding a variety of binary 
carbides such as WC, TaC, NbC, and Mo2C [10]. In these cermets, the typical core-rim 
structure is developed for the hard phase during the liquid phase sintering, being the 
core the original undisolved Ti(C,N) particle and the rim a newly formed complex 
carbonitride solid solution [11]. Good cutting performance of cermets is attributable to 
the mechanical behaviour of this rim phase and, therefore, many studies have focussed 
on changing the composition of this mixed carbonitride [12]. Moreover, bimetallic 
nitrides have also shown better performances than single metal nitrides and allow a 
better control of the mechanical and electronic properties. Recently, many ternary metal 
nitrides have been reported [13-15]. However, these researches mostly focused on thin 
films, coatings and powders, but few reports concerned bulk materials. 
The possibility of employing this type of complex solid solutions in the 
development of new materials would permit the opening of innovative ways to optimize 
the set of properties that must be targeted for specific technological applications. 
However, so far, appropriate methods for synthesizing them in a proper and 
reproducible way have not been developed yet. Recently, Córdoba et al. [16,17] have 
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shown that the mechanochemical process denoted as a mechanically induced self-
sustaining reaction (MSR) can be considered as an alternative technique to be used in 
the synthesis of complex carbonitride phases. This reactive milling method uses the 
strong exothermic character of the formation of carbonitrides from the elements to be 
obtained with high purity and good control of stoichiometry. 
In a previous work [9], TiCxN1-x powders obtained by MSR were successfully 
densified by SPS, so that the main mechanical properties of the final ceramic material 
could be evaluated. In this work, the promising procedure of coupling MSR and SPS 
techniques was employed to obtain completely dense TiyNb1-yCxN1-x monolithic 
ceramics and the mechanical and wear properties of the solid solution were studied as a 
function of the Ti and Nb contents. 
 
2. Experimental procedure 
 
Titanium powder (99% in purity, <325 mesh, Strem Chemicals, Newburyport, 
MA, USA), niobium powder (99.8% in purity, <60 mesh, Aldrich, Milwaukee, WI, 




, Fe ≤ 0.4%, Merck, Whitehouse Station, NJ, 
USA) were used in this work. 46.5 g of different powder mixtures of titanium, niobium, 
and graphite together with fifteen tempered steel balls (d = 20 mm, m = 32.6 g) were 
placed in a 300 ml tempered steel vial (67Rc) and milled under 6 atm of high-purity 
nitrogen gas (H2O and O2 ≤3 ppm, Air Liquide, Paris, France) using a modified 
planetary ball mill (Vario-Planetary Mill Pulverisette 4, Fritsch, Idar-Oberstein, 
Germany). The powder-to-ball mass ratio (PBR) was ~1/10.5 and a spinning rate of 400 
rpm for both the rotation of the supporting disc and the superimposed rotation in the 
direction opposite to the vial was employed. The vial was purged with nitrogen gas 
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several times, and afterward the desired nitrogen pressure (6 atm) was selected before 
milling. The planetary mill allowed operation at a constant gas pressure and the 
detection of self-propagating reactions during milling. This was possible by connecting 
the vial to a gas cylinder via a rotating union (model 1005-163-038, Deublin, 
Waukegan, IL, USA) and a flexible polyamide tube, and monitoring continuously the 
gas pressure with an SMC solenoid valve (model EVT307-5DO-01F-Q, SMC Co., 
Tokyo, Japan) connected to a data acquisition system (ADAM-4000 series, Esis Pty 
Ltd., Pennant Hills, Australia). When the self-sustaining reaction takes place, the 
increasing temperature due to the exothermic reaction produces an instantaneous 
increase in the total pressure inside the vial, and ignition time can be obtained from the 
spike observed in the time-pressure record. 
Powder samples obtained by MSR were sintered using an SPS apparatus HP D 
25/1 (FCT Systeme GmbH, Rauenstein, Germany) at a final temperature of 1500 ºC and 
80 MPa of pressure to obtain fully sintered bulk materials. In each test, 5 g of material 
were used, which were introduced into a 20-mm-diameter graphite die. The tests were 
carried out under vacuum at a heating rate of 100 ºC min
-1
 with a 1-min dwelling time at 
the maximum temperature. The density was measured by the Archimedes method (ISO-
3369). The final relative densities were estimated in accordance with the rule of 
mixtures. Six specimens were evaluated for each composition. 
X-ray diffraction (XRD) diagrams of powders and polished surfaces of dense 
ceramics were performed using a Philips X’Pert Pro instrument (Amsterdam, the 
Netherlands) equipped with a Θ/Θ goniometer using CuKa radiation (40 kV, 40 mA), a 
secondary Kβ filter, and an X’Celerator detector. The diffraction diagrams were scanned 
from 20º to 140º (2θ) in step-scan mode at a step of 0.02º and a counting time of 275 
s/step. The Rietveld refinement method was employed for the lattice parameter 
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determination and the quantitative phase analysis of products by using the freely 
distributed Fullprof computer program [18]. 
Nanomechanical properties such as Young’s modulus and hardness of samples 
were obtained by nanoindentation technique (Model G200, MTS Company, USA). To 
carry out indentations at very low depths, a brand new Berkovich diamond tip was used 
with radius less than 20 nm as certified by the manufacturing company. In order to 
ensure the quality of the tip throughout the work, pre- and post- calibration procedures 
were performed for this indenter ensuring the correct calibration of its function area and 
correct machine compliance. Previous to the nanoindenter testing, the samples were 
prepared by metallographic techniques. After cutting, the surface was lapped and then 
polished, with a final step with 0.25 µm diamond paste, giving a surface roughness in 
the nanometer range. The nanomechanical properties of the TiyNb1-yCxN1-x ceramics 
were evaluated from the load-displacement nanoindentation data using the widely 
accepted Oliver and Pharr method [19]. 
Reduced Young’s modulus, E*, was estimated according to the following equation: 
 
                                                                                         (1) 
 
where A(hc) stands the contact area which is calculated from the contact of depth hc and 
with the reached depth penetration hmax for a Berkovich tip geometry. Young’s 
modulus E, which is material constant, was derived from reduced Young’s modulus E* 
using the well known Hertzian equation: 
 
























For this calculation, the Poisson’s ratio υ’
2 
and elastic modulus E’ of the diamond 
indenter, are 0.07 and 1141 GPa, respectively. We calculate the Young’s modulus using 
a Poisson’s ratio = 0.18. This value is chosen assuming Poisson’s ratio of the phases: u 
= 0.17 for TiC, u = 0.19 for TiN, and u = 0.182 for TiCN [20,21]. Hardness is 
calculated by the quotient of Pmax and contact area: 
 
                                                                                                              (3) 
 
The fracture toughness (KIC) was measured by the indentation method under indentation 
load of 306 N using the expression derived by Shetty et al. [22]: 
 
                                               (4) 
 
where H is the hardness, P is the applied load and l is the crack length at the surface. 
There have been 10 indentations per sample, evenly distributed, to obtain a 
representative toughness value of material.  
Wear tests were carried out under dry sliding conditions using a tribometer ball-on-disk 
according to ASTM wear testing standard G99-03. As friction partners, alumina balls 5 
mm in diameter were used. The sample surfaces were polished with 1 micron diamond 
slurry. The normal load, sliding speed and distance were fixed at 20 N, 250 rpm and 
1000 m, respectively. Testing was carried out in air and at room temperature. The 
friction coefficient was taken as an average over the final part of the curve after the 
initial period of stabilization. The specific wear rates of the cermets were estimated as 






). The damage was studied 
on the worn surfaces of disks using scanning electron microscopy (SEM, Zeiss DSM 



















3. Results and discussions 
 
3.1. Synthesis and sintering of TiyNb1-yCxN1-x 
 
Five different mixtures containing titanium and/or niobium, and graphite 
powders were ball milled under a nitrogen atmosphere in order to get through a MSR 
process solid solution phases belonging to the Ti(C,N)-Nb(C,N) system. The relative 
amount of carbon was held constant and only the Ti/Nb ratio was varied (Table 1). The 
samples were labelled according to the nominal composition of titanium and niobium, 
and the prefix P refers to their powdery nature. For all of the mixtures, the time-pressure 
record, monitored during milling, confirmed the appearance of self-sustaining reactions, 
and the corresponding ignition times (tig) are shown in Table 1. After ignition, milling 
was prolonged for 30 min in order to ensure maximum conversion and obtain a 
homogeneous product. The high local temperatures reached during a MSR process 
provoke the formation of quite large aggregates and the post-combustion milling is a 
necessary step to crush these aggregates and homogenize the entire sample for the 
subsequent sintering process. 
 
Figure 1 shows the XRD diagrams of products obtained after the MSR process, 
which revealed that the reactants were converted into a cubic phase with Fm-3m space 
group, as confirmed with DICVOL06 powder indexing software [23]. By comparison 
with the reference diffraction patterns corresponding to the binary compounds NbC (38-
1364), NbN (38-1155), TiC (32-1383), and TiN (38-1420), these cubic phases were 
assigned to a complex titanium-niobium carbonitride solid solution that can be 
described by the general equation TiyNb1-yCxN1-x. This can be easily seen in Figure 
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1(ii), which shows how the (200) XRD reflection of the obtained products were 
between the reflections corresponding to niobium and titanium nitrides and carbides. On 
the other hand, in samples containing niobium, the presence of a small amount of 
unreacted Nb was detected. In samples P-T3N7 and P-N1, the existence of Nb2C was 
also observed as a minor phase. The phase quantification from the Rietveld refinement 
confirmed that the amount of unreacted Nb never exceeded 6 wt.% and the highest 
content of Nb2C was found in sample P-N1 with 14 wt.%. 
The shift observed in the XRD reflections (see the (200) reflection in Figure 
1(ii)) was the result of different stoichiometry in the solid solutions, in particular 
different y values (Ti/Nb atomic ratio), which induced changes in the lattice parameter 
of the cubic structure. Using the FULLPROF program, the lattice parameter, a, was 
calculated from the whole XRD diagram (30-140º), and the values are shown in Table 
1. Drawing on previous studies dealing with the synthesis of TiCxN1-x and NbCxN1-x 
powders by the same procedure [24,25], the lattice parameters for P-T1 and P-N1 
samples were close to the expected values for TiC0.5N0.5 and NbC0.5N0.5, respectively. 
Moreover, the lattice parameters of the quaternary phases (samples P-T7N3, P-T5N5, 
and P-T3N7) were between the aforementioned values, confirming the formation of a 
TiC0.5N0.5-NbC0.5N0.5 solid solution. Finally, the significant line broadening of 
reflections in Figure 1 as well as previous results in similar systems [24,25] suggested 
the nanometer character of the obtained solid solution. 
The TiyNb1-yCxN1-x powders were consolidated by spark plasma sintering 
technique at 1500 ºC and 80 MPa of pressure with a 1-min dwelling time at the 
maximum temperature. Densities of the monolithic ceramics, which were labeled with 
the prefix C to refer to their consolidated nature, are presented in Table 2. It can be seen 





. High relative density values (>98.7%) were achieved for all the samples 
being the relative density of quaternary ceramics (specimens C-T7N3, C-T5N5, and C-
T3N7) slightly higher than that of the ternary end-members of the solid solution. 
 
Figure 2 shows the XRD diagrams of the monolithic ceramics after the SPS 
process. The reflections corresponding to the TiyNb1-yCxN1-x solid solution are clearly 
visible. In Figure 2ii, the shift of the (200) reflection due to a different Ti/Nb ratio in the 
ceramic phase is observed. A striking finding was the fact that unreacted Nb and 
secondary Nb2C phase observed in some of the powder samples were not detected after 
sintering; suggesting that during SPS process the completion of the transformation of 
the reactants into the desired TiyNb1-yCxN1-x phase was achieved. The incorporation of 
this small amount of unreacted Nb into the solid solution structure produced only a 
slight variation of the lattice parameter, which is also shown in Table 2.  
 
In Figure 3 the dependence of the lattice parameter of TiyNb1-yCxN1-x on the 
starting nominal composition is plotted and it shows good linearity. From these 
experimental results it can be concluded that the chemical composition of the solid 
solution in the consolidated ceramic is similar to the solid solution obtained by MSR 
process. The chemical composition of dense ceramics can be tailored by simple 
adjustment of the stoichiometry in the starting mixture.  
 
A careful examination of Figure 2 revealed that the XRD diagrams of the 
quaternary ceramics (specimens C-T7N3, C-T5N5, and C-T3N7) featured broader 
reflections than C-T1 and C-N1 ceramics. This observation indicated that the presence 
of both elements Nb and Ti in the carbonitride structure reduced the grain growth of 
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ceramic particles during the SPS process as confirmed from the fracture surfaces that 
will be shown later (Figure 5). This fact can also account for the higher density 
observed in these samples. 
 
3.2. Mechanical properties 
 
The nanomechanical properties of ceramics are shown in Figure 4. All the 
ceramic materials showed high hardness, and quaternary ceramics exhibited enhanced 
values when compared with C-T1 and C-N1 specimens. The hardness values increased 
continuously with increasing niobium percentage, reaching a maximum value for the 
Ti0.3Nb0.7C0.5N0.5 composition (26.0 GPa). This sample also showed the highest 
Young’s module value (400 GPa), although variation of this parameter with the 
composition was less pronounced. Despite there are no reference values in the literature 
for these complex ceramic materials, the hardness values reported of some binary 
compounds show that they are of the order of magnitude expected. Typical values 
reported for TiC, TiN, NbC and NbN [26,27] were 26.8 [28], 19.0 [29], 22.0 [30], and 
12.5 [31] GPa, respectively. Currently, few studies have been published on the SPS of 
these complex ceramics, and the only hardness value reported for a ternary compound is 
18.2 GPa for TiCxN1-x [9]. 
These values are in agreement with the present results for the TiC0.5N0.5 and 
NbC0.5N0.5 end-members of the TiyNb1-yCxN1-x solid solution, however, the hardness of 
the quaternary ceramics (specimens C-T7N3, C-T5N5, and C-T3N7) is noticeably 
higher. In general, the hardness of a multicomponent system has been described as the 
arithmetic average of the hardness of the constituent phases, and it is expected to be 
somewhere in between the minimum and maximum values of the components. Usually, 
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predicting the hardness of solid solution materials also assumes this multicomponent 
model, but sometimes, as in the present case, it was found that the hardness exceeds 
significantly that given by the rule of mixtures [32-34]. Moreover, Königshofer et al. 
[35] have shown the existence of clear maxima of the hardness in quaternary transition 
metal carbonitride systems with changing composition. The higher density and the 
lower grain size (Figure 5) observed in the quaternary ceramics may also contribute to 
the enhanced hardness.  
The experimentally obtained values of KIC for the studied samples are shown in 
Table 3, where it can be observed that they lie in the range of ceramic materials and are 
in agreement with data reported for similar materials [36,37]. However, the quaternary 
ceramics have shown lower toughness values than the ternary end-member ceramics. In 
Figure 5 it can be appreciated that the Ti0.7Nb0.3C0.5N0.5 (C-T7N3 specimen) presented 
the finest microstructure compared to the other quaternary compositions. Moreover, the 
grains are of various diameters between 1 and 2 µm with a relative homogenous 
distribution around 1 µm. On the other hand, Ti0.5Nb0.5C0.5N0.5 (C-T5N5) and 
Ti0.3Nb0.7C0.5N0.5 (C-T3N7) ceramics presented a bimodal microstructure with grains 
smaller than 0.5 µm and greater than 3 µm. Traditional reinforcement mechanisms such 
as crack bridging are limited due to the small grain size observed in the composites.  
In the case of ternary end-member ceramics, the grain size was much larger, 
especially for TiC0.5N0.5 (C-T1 specimen), which showed a clear intergranular fracture. 
The C-N1 specimen corresponding to the NbC0.5N0.5 ceramic showed the highest 
fracture toughness combining both fracture modes intragranular and transgranular, as it 




In summary, the quaternary titanium-niobium carbonitride (TiyNb1-yCxN1-x) 
ceramics with different y values obtained by a one step innovative MSR process showed 
after sintering by SPS technique complete densification and high nanomechanical 
properties compared with ternary system obtained by same conditions. An optimal 
combination of hardness and toughness was obtained for Ti0.7Nb0.3C0.5N0.5 ceramic, 
with values of 22.2 GPa and 3.5 MPa m
1/2
, respectively. A maximum hardness value of 
26.0 GPa was observed for the Ti0.3Nb0.7C0.5N0.5 composition. 
 
3.3. Tribological behavior 
 
Figure 6 shows the friction coefficient and wear rate of TiyNb1-yCxN1-x ceramics 
sliding against Al2O3 at room temperature. It can be observed that bulk TiyNb1-yCxN1-x 
ceramics have high friction coefficients (>0.60). In particular, the quaternary ceramics 
exhibit friction coefficient values above 0.70. These high values are not surprising, 
taking into account the severity of the test due to the absence of lubrification. 
 
On the other hand, Figure 6 also shows the general tendency of a significant 
reduction in the wear rate of TiyNb1-yCxN1-x ceramics with increasing Nb content, 
except the C-N1 specimen that fails this trend due to its lower hardness. The 
Ti0.3Nb0.7C0.5N0.5 composition (specimen C-T3N7) showed negligible wear volume and 









Figures 4 and 6, a first approximation would be that the higher the hardness, the wear 
resistance is enhanced. This behavior agrees with the Archard’s wear equation that 
predicts that the material loss is inversely proportional to the bulk hardness. However, 
in view of wear rate of C-N1 specimen, wear rate not only depends on hardness, but 
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also toughness is involved. Although this specimen has the lowest hardness, its 
improved toughness allows reducing fragmentation, one of the phenomena responsible 
for wear, leading to a lower value of wear than expected from its hardness. As 
mentioned above, there is not tribological study on TiyNb1-yCxN1-x bulk materials; 
nevertheless, the tribological behaviors of the examined specimens are consistent with 
studies on related bulk ceramics, such as TiN and TiCN [38-40]. 
Figure 7 shows the SEM images of the worn surfaces of TiyNb1-yCxN1-x ceramics 
sliding against Al2O3. The worn surface of C-T7N3 specimen, Figure 7a, is 
characterized mainly by relatively smooth areas and fractured areas. In this figure, two 
different layers are observed because the large fragments that remain on the wear track 
are reduced to fine debris by continuing fracture and, subsequently, this fine debris is 
compacted on the worn surface. The wear mechanism in C-T5N5 ceramic, Figure 7b, is 
primarily determined by brittle fracture and grain pullout. In the worn surface of C-
T3N7 ceramic, Figure 7c, a few cracks are found in the surface, due to mechanical 
polishing and plastic deformation of the compacted wear debris. Fracture combined 
with delamination was the major wear mechanisms in the C-T1 material. The worn 
surface of this material shows a major damage with a higher wear rate compared with 
the others materials. Finally, C-N1 specimen shows very smooth worn surfaces with 
lower damage as microfracture, probably due to its higher toughness. 
 
Generally, the wear of ceramics under dry sliding is determined by mechanically 
dominated wear mechanisms (abrasive wear, grain boundary fatigue, delamination) 
[41,42] due to their intrinsic brittle nature. However, some of the TiyNb1-yCxN1-x 
ceramics have shown interesting features in the tribological behavior under dry sliding 
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Dense monolithic TiyNb1-yCxN1-x ceramics were fabricated successfully by spark 
plasma sintering at 1500 ºC in vacuum from solid solution synthesized by a 
mechanically-induced self-sustaining process. The influence of Nb and Ti content on 
the microstructure and mechanical properties has been clearly observed. The presence 
of Nb in the quaternary ceramic leads to an increase of hardness but to a decrease of 
toughness. Ti0.3Nb0.7C0.5N0.5 composition exhibits the finest microstructure and the best 
nanomechanical properties, hardness of 26.0 GPa and Young’s module of 400 GPa. The 
ceramic materials containing Nb also possess interesting wear properties at dry sliding 
conditions, and higher wear resistances are obtained for harder ceramic samples 
containing higher niobium contents. 
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Initial powder mixture 
Ti/Nb/C atomic ratio 
tig 
(min) 
Lattice parameter, a 
(Å) 
P-T1 1/0/0.5 47 4.2998 
P-T7N3 0.7/0.3/0.5 39 4.3348 
P-T5N5 0.5/0.5/0.5 39.5 4.3579 
P-T3N7 0.3/0.7/0.5 44.5 4.3871 
P-N1 0/1/0.5 51 4.4232 
 
Table 1. Mixtures submitted to milling, the ignition time, tig, of the MSR process, and 





























C-T1 TiC0.5N0.5 4.73  0.01 98.7 4.2938 
C-T7N3 Ti0.7Nb0.3C0.5N0.5 5.81  0.01 99.2 4.3312 
C-T5N5 Ti0.5Nb0.5C0.5N0.5 6.51  0.01 99.2 4.3671 
C-T3N7 Ti0.3Nb0.7C0.5N0.5 7.01  0.01 99.3 4.4008 
C-N1 NbC0.5N0.5 7.77  0.01 98.8 4.4251 
 
Table 2. Density of ceramics sintered by SPS at 1500 ºC and 80 MPa of pressure, and 

























C-T1 3.49  0.04 
C-T7N3 3.47  0.07 
C-T5N5 2.37  0.02 
C-T3N7 2.66  0.03 
C-N1 4.34  0.04 
 
Table 3. Toughness of monolithic ceramics sintered by SPS. 
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